Using infrared spectroscopy, we have measured the vibrational spectrum of interstitial oxygen in silicon under hydrostatic pressures as high as 70 kbar at temperatures from 4 to 20 K. The application of pressure transforms the transverse motion of the oxygen from that of a harmonic oscillator to that of a rotor. As the motion becomes more rotational, the splitting between the lϭ0 and lϭϮ1 low-frequency modes decreases. In addition, the splitting between the stretch modes at 1136 and 1128 cm Ϫ1 decreases with increasing pressure and can no longer be resolved for pressures greater than 55 kbar. ͓S0163-1829͑97͒06140-7͔
O i at 1107 and 1084 cm
Ϫ1
, respectively. These values are in good agreement with a simple harmonic-oscillator model in which the vibrational frequency is inversely proportional to the square root of the oxygen mass. The stretch mode is an oscillation of the O i atom along the ͓111͔ direction, out of phase with the two nearest Si atoms. In the X-Y -X model of nonlinear molecules, 10 the stretch mode is denoted 3 , while the offaxis modes are denoted 1 and 2 . Different isotopic combinations of Si atoms lead to a well-explained splitting of a few cm
, lending further support to the Si-O-Si model. 11 In addition to the stretch mode, O i has low-frequency modes in the ͓111͔ plane perpendicular to the Si•••Si broken bond. Bosomworth et al. 12 measured a low-frequency vibration at 29 cm Ϫ1 at a temperature of 2 K. As the temperature is raised, the excited low-frequency states become thermally populated, resulting in a splitting of the stretch-mode peak. The O i state is denoted ͉k,l,N͘, where k is the radial quantum number, l is the angular momentum about the ͓111͔ axis, and N is the longitudinal-͑stretch͒ quantum number. At atmospheric pressure and a temperature of 20 K, the ͉0,0,0͘→͉0,0,1͘ and ͉0,Ϯ1,0͘→͉0,Ϯ1,1͘ transitions yield the well-known absorption peaks at 1136 and 1128 cm Ϫ1 , respectively. We have measured the dependence of these stretch-mode peaks on hydrostatic pressure.
We used a modified Merill-Bassett diamond-anvil cell 13, 14 with type-II A diamonds to generate pressures up to 70 kbar. The Si samples were cut into disks 300 m in diameter and polished to a thickness of 50 m. Nitrogen was used as a pressure medium and was loaded into the cell, along with the sample, using the liquid-immersion technique. 15 To determine the pressure at liquid-helium temperatures, we measured the infrared-absorption peak of the 3 vibrational mode of CO 2 impurities in the N 2 matrix. The 3 mode varies linearly with pressure 16 and provides a precise in situ calibration of the pressure.
Mid-infrared absorption spectra were obtained with a Digilab FTS-80E vacuum Fourier-transform spectrometer with a KBr beam splitter and a spectral range of 450-3400 cm
. The Si:O samples were kept at temperatures ranging from 4 to 20 K in a Janis liquid-helium cryostat with KBr windows. The instrumental resolution was varied from 0.5 to 1 cm
, such that all the peaks were fully resolved. A light-concentrating cone focused the light through the diamonds, the sample, and into a Ge:Cu photoconductor mounted directly behind the sample. The Si:O samples were Czochralski-grown with an oxygen concentration of 9 ϫ10 17 cm
Ϫ3
. In our experiment, we measured the ͉0,0,0͘→͉0,0,1͘ and ͉0,Ϯ1,0͘→͉0,Ϯ1,1͘ transitions, denoted I and II, respectively, as a function of hydrostatic pressure at a temperature of 9 K ͑Fig. 1͒. As the pressure increases from atmospheric pressure, the area of peak II increases at the expense of peak I. This behavior can be explained by a pressure-dependent decrease in the energy difference between the ͉0,0,0͘ and ͉0,Ϯ1,0͘ ground states. As the ground-state splitting decreases, the higher-energy ͉0,Ϯ1,0͘ state becomes thermally more populated, leading to an increase in the area of peak II.
To experimentally determine the ground-state splitting, we measured the areas of peaks I and II as a function of temperature for some of the pressures ͑Fig. 2͒. The ratio of the areas is graphed in an Arrhenius plot to obtain an activation energy, with an uncertainty of Ϯ2 cm Ϫ1 estimated by varying the slope of the linear fit. This activation energy is due to the ground-state splitting and is plotted as a function of pressure in Fig. 3 . It is clear that the ground-state splitting decreases as the pressure increases.
In addition to reducing the splitting of the ground state, the application of pressure also decreases the frequency difference between the I and II absorption peaks. The frequencies of the peaks are plotted as a function of pressure in Fig.  4 . Beyond 55 kbar, the splitting can no longer be resolved, as the two peaks effectively merge. These observations can be explained by considering that as pressure is applied, the Si atoms exert a force on the O i atom, causing it to buckle outward. As the radial distance of the O i atom increases, the potential in the ͓111͔ plane transforms from a perturbed harmonic oscillator to a rotor. This model is discussed in the following paragraphs.
To quantitatively explain the low-frequency modes, Yamada-Kaneta, Kaneta, and Ogawa 17 described the O i potential in the ͓111͔ plane as a quartic polynomial:
where r is the perpendicular distance from the Si•••Si broken bond, r 0 is the equilibrium distance, and 0 is the classical vibrational frequency at r 0 . With an appropriate choice of parameters, Eq. ͑1͒ approximates a parabolic potential with a central perturbation. By adjusting the parameters to fit the experimental data, Yamada-Kaneta, Kaneta, and Ogawa 17 derived a value of r 0 ϭ0.25 Å for the ground state, in agreement with Bosomworth et al.
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To calculate the wave functions in the ͓111͔ plane, we numerically solve Schrödinger's equation. Assuming cylindrical symmetry, the radial part of Schrödinger's equation is given by
where m is the mass of 16 O, V(r) is given in Eq. ͑1͒, l is the angular momentum about the ͓111͔ axis, and k is the radial quantum number. As the potential only depends on r, the wave function can be expressed as the product of a radial and an angular function,
Since kϭ0 in the states of interest, we have dropped the k subscript. Substituting Eq. ͑3͒ into Eq. ͑2͒ yields 
We numerically integrate Eq. ͑4͒ from rϭ0 -3 Å with a step size of 6ϫ10 Ϫ4 Å and an initial energy eigenvalue of E ϭ10 cm
Ϫ1
. The eigenvalue E is varied until the wave function converges to zero at rϭ3 Å. For the lϭ0 state, the initial conditions are given by u 0 ϭ1 and du 0 /drϭ0. For the lϭϮ1 states, the initial conditions are u Ϯ1 ϭ0 and du Ϯ1 /drϭ1.
The equilibrium radial distance is given by
where z Si is the perpendicular distance of the Si atoms from the ͓111͔ plane of the O i , given by 
The parameters that give the best fit to the experimental data are listed in Table I . The calculated wave functions are shown in Fig. 5 for 0 and 60 kbar. As the pressure increases, the height of the central perturbation increases and the lϭ0 and lϭϮ1 radial wave functions become more similar. The theoretical ground-state splitting is plotted as a function of pressure in Fig. 3 and shows reasonable agreement with the experimental data. As the central perturbation grows, the O i transverse motion becomes less vibrational and more rotational. A free rotor has an energy splitting given by
As shown in Fig. 3 , the theoretical ground-state splitting approaches that of a rotor as pressure increases. For pressures greater than 30 kbar, the experimental splittings are lower than the theoretical values, perhaps due to neighboring Si atoms hindering the rotational motion as the O i buckles outward. In the following paragraphs, we use the same model to explain the pressure dependence of the peak frequencies. It is interesting to note that in Ge, O i is significantly displaced off-axis and acts as a hindered rotor at atmospheric pressure. 18, 19 In Si we have used hydrostatic pressure to force O i into an off-axis configuration.
This transition to rotational motion can also explain the merging of the stretch mode peaks. The splitting of peaks I and II is due to nonlinear coupling between the stretch-and low-frequency transverse modes. The lowest-order stretchtransverse coupling term is given by
where z is the coordinate along the ͓111͔ axis. To first order, this term perturbs the Nϭ0→Nϭ1 stretch mode transition by an amount
͑10͒
The stretch mode is perturbed by different amounts for l ϭ0 and lϭϮ1, resulting in an energy difference between peaks I and II. As the pressure is increased and the lϭ0 and lϭϮ1 radial wave functions become more similar, this splitting approaches zero. The final pressure-dependent effect is a slight increase in the stretch-mode frequency as the Si-O bonds are compressed. Because the effect is small, we assume a linear dependence on pressure:
where s is the stretch-mode frequency in cm
Ϫ1
. Combining Eqs. ͑10͒ and ͑11͒ yields I ϭ s0 ϩ␥ PϪ␣Ј͗r where I and II are the frequencies of peaks I and II, respectively. The parameters that yield the best fit to the experimental data are listed in Table I . The theoretical expressions ͓Eqs. ͑12͒ and ͑13͔͒ are plotted in Fig. 4 and show good agreement with the data. As the O i motion becomes more rotational, the splitting of the peaks decreases until it cannot be resolved for pressures greater than 55 kbar. This is analogous to the case in Ge, where the O i motion is primarily rotational and the splitting between the I and II peaks is extremely small (0.07 cm
). 19 In conclusion, we have used hydrostatic pressure to probe the vibrational spectrum of Si:O i . As the pressure increases, the O i buckles outward and the nature of its transverse motion changes from vibrational to rotational. This transformation from a perturbed harmonic oscillator to a rotor has two consequences. First, the energy difference between the lϭ0 and lϭϮ1 states is reduced as the radial wave functions become more similar. Second, the splitting between the ͉0,0,0͘→͉0,0,1͘ and ͉0,Ϯ1,0͘→͉0,Ϯ1,1͘ transitions approaches zero. In effect, we have used hydrostatic pressure to simulate the situation in Ge, in which the O i atom resides in an off-axis location and behaves like a hindered rotor. In the future, hydrostatic pressure may be used to tune the vibrational and rotational modes of impurities and native defects in other semiconductors.
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